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Introduction
Natural killer (NK) cells are highly anti-tumor effector cells and are used for the treatment of cancer patients (https://clinicaltrials.gov/ct2/results?term=nk+cells +and+cancer&pg=9). To compensate for the inability to generate large numbers of NK cells for cellular therapy, investigators utilize human NK cell lines for this purpose. NK92 cells were isolated from NK cell lymphoma patient, and have been used for treating cancer patients due to their highly anti-tumor activity. 1, 2 It is also because these cells can be easily expanded in vitro as well as their ease of manipulation. In addition to their high anti-tumor cytolytic activity, NK cells also have immunoregulatory activity secreting various cytokines and chemokines that regulate various aspects of the adaptive immune system. 3 Although IFN-γ is the prototype cytokine secreted by NK cells, 4 we previously reported that IL-2-activated NK cells secrete several cytokines, among them is IL-1β, but the mechanism of IL-1β exocytosis is not known. 5 IL-1β belongs to a large family of molecules, including IL-1α, IL-18, IL-33, IL-36, and IL-38. Among many of its pro-inflammatory effects, IL-1β facilitates the activation of innate immune cells such as monocytes. 6 As an inflammatory cytokine, IL-1β induces tumor angiogenesis, 7 among many other functions. The value of therapeutically targeting IL-1β pathway with human IL-1β receptor antagonist or the anti-IL-1β antibodies has increasingly been explored in patients with malignancies. 8 Therefore carefully designed studies are necessary to target IL-1β pathway in each of the specific disease settings.
Monocytes release IL-1β by a process that activates inflammasome. 9 Recently, a phenomenon known as pyroptosis was implicated in its release. This phenomenon is a form of cell death where the cells generate pyroptotic bodies concomitantly with flattening the cytoplasm and the formation of pores in the plasma membranes. 10, 11 The release of IL-1β is mediated by a newly described molecule called gasdermin-D (GSDMD), 12 which is the most important player that mediates pyroptosis. 13, 14 Before IL-1β is released, it must be synthesized intracellularly, and as indicated, it is widely accepted that inflammasomes are important for the production of this cytokine. There are several types of inflammasomes including canonical and non-canonical forms. 15 Canonical inflammasome consists of the sensor NOD-like receptor pyrin domain containing 3 (NLRP3), the adaptor protein apoptosis-associated speck-like protein containing CARD domain (ASC), and the procaspase-1 which upon activation is converted into the effector caspase-1 that generates IL-1β from its precursor. The non-canonical forms include those that consist of caspase 4 and 5 or 11 in mice. In this work, we sought to examine in details the pathways of IL-1β release from NK92 cells Dimethyl fumarate (DMF) is a drug approved for treating multiple sclerosis patients under the name Tecfidera (Biogen). This drug has pleiotropic anti-inflammatory activities and can be used to treat various disorders. 16 On the other hand, monomethyl fumarate (MMF) is not a drug but it possesses multiple activities, including the activation of anti-tumor effector cells. 17, 18 DMF or MMF have been used in this study to investigate their anti-pyroptotic effects in NK92 cells.
Materials And Methods
Reagents And Cell Culture Treatment NK92 cells "CRL-2407" and the monocytic cell line U-937 "CRL-1593.2" were purchased from American Type Culture Collection (Manassas, VA, USA). The cells were cultured in RPMI 1640 medium supplemented with 4.5 g/l glucose, 100 U/mL penicillin, 100 µg/mL streptomycin, 2 mM L-glutamine, 1% nonessential amino acids, 71.5 µM 2-mercaptoethanol and 10% fetal bovine serum (Sigma-Aldrich, St Louis, MO, USA). Unconjugated polyclonal antibodies against HCA 1 , HCA 3 were obtained from Abcam (Cambridge, UK), and a polyclonal antibody for HCA 2 was obtained from Invitrogen (Carlsbad, CA, USA). Anti-rabbit secondary antibody tagged with Alexa 488 was obtained from Invitrogen. MMF, DMF, and LPS were obtained from Sigma-Aldrich. For each in vitro experiment, NK92 cells (1 × 10 6 /mL), or U937 cells were incubated with 100 μM DMF or 100 μM MMF or 10 μg/ mL LPS with RPMI culture medium primed with 200 IU/ mL IL-2 for 24 h at 37°C in 5% CO 2 incubator. The 100 μM dose of DMF or MMF was found to be optimal in various biological activities of NK92 cells. 17 Quantitative Real-Time Reverse Transcription (RT)-PCR Total RNA or DNA was extracted from cell lysates using AllPrep DNA/RNA Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol. The complementary DNA (cDNA) was synthesized from 1 μg of total RNA using the QuantiTect Reverse Transcription Kit (Qiagen) according to the manufacturer's protocol. RT-PCR was performed using 1 μL of cDNA. Primers for HCA 1 (Hs02597779), HCA 2 (Hs02341584), and HCA 3 (Hs02341102) were assessed using Taqman Gex Master Mix and StepOne System (Applied Biosystems, USA). Specific primers for IL-1β, GSDMD are shown in Table 1 . Promega GoTaq® qPCR Master mix(Promega, Madison, WI, USA) and Qiagen Rotor-gene qPCR machine (Qiagen) were used for SyberGreen qPCR. Expression levels of target genes were normalized to GAPDH expression.
Methylation-Specific (MSP)-PCR
To analyze the presence of CGI in the promoter region of GSDMD gene, we used a public database available via the University of California Santa Cruz Genome Browser (http://genome.ucsc.edu/) on GRCh38/hg38 assembly (Genome Reference Consortium). Fully methylated and fully unmethylated control DNAs were purchased from Qiagen. A 2 μg of genomic DNA (gDNA) was treated with EpiTect Bisulfite Kit (Qiagen). MSP was conducted using 1 μL of the sodium bisulfite-treated DNA, primers specifically designed for methylated and unmethylated DNA sequence of the promoter region of GSDMD gene (Table 1) , Promega GoTaq® qPCR Master mix (Promega) and Qiagen Rotorgene qPCR machine (Qiagen) were used. DNA methylation levels were calculated as previously described. 19 Western Blot Analysis NK92 cells or U937 cells were lysed using Laemmli lysis buffer (Sigma-Aldrich). Blots were prepared and then blocked with 5% dry milk solution in TBST for 1 h. Primary antibodies to HCA 1 , HAC 2 , HCA 3 , gasdermin-D, DNMT3A, DNMT3B or Caspase-1 (Abcam, Cambridge, UK) were used. HRP conjugated goat anti-rabbit or goat anti-mouse secondary antibodies (Cell Signaling Technology, Danvers, MA, USA), were diluted in fresh 5% dry milk in TBST solution and incubated with the blots for 1 h at room temperature. HRP was detected using BioRad ECL Western blotting detection reagent (BioRad, Hercules, CA, USA). Primary antibody for Actin (Cell Signaling Technology) was used to confirm loading equality.
Flow Cytometric Analysis
NK92 cells were fixed with 70% ethanol and were labeled with primary antibodies for 1 h at 4°C, washed twice with PBS and labeled with the secondary goat anti-rabbit IgG labeled with the Alexa 488 at 1:800 dilution, incubated for 40 min at 4°C and then washed twice with PBS and acquired on Accuri C6 or BD FACSAria III flow cytometer (BD Biosciences, San Jose, CA, USA).
Confocal And Fluorescence Microscopy Analysis
NK92 cells untreated or treated with 100 μM DMF, 100 μM MMF, or 10 μg/mL LPS for 24 h were fixed by adding ice-cold 70% ethanol drop by drop and incubated at 4°C overnight. Fixed cells were washed with PBS twice and suspended in the FACS Buffer (2% BSA in PBS with Sodium Azide). Cells were incubated at 4°C for 2 h with the respective primary antibodies to HCA 1 , HAC 2 , HCA 3 , or gasdermin-D (Abcam). The samples were washed with FACS buffer twice and were labeled with respective 
Whole Transcriptome Analysis
RNA extracted from NK92 cells incubated with either 100 μM DMF, 100 μM MMF, DMSO, or 10 μg/mL LPS were analyzed for whole transcriptome profiling using targeted whole RNA-seq with AmpliSeq whole transcriptome on S5 system (Thermo Fisher Scientific). The targeted RNAseq library was prepared using Ion AmpliSeq transcriptome human gene expression kit (Thermo Fisher Scientific) which is designed to profile over 21,000 distinct human RNA targets using a highly multiplexed amplification method. Each amplicon represents a unique targeted gene. The average size of each amplicon is~150 bp. The RNA samples were quantified and~30ng of Turbo DNase treated RNA was used to generate a barcoded cDNA library using SuperScript VILO cDNA synthesis kit (Invitrogen, Life Technologies Corp., Pleasanton, CA, USA). The cDNA library was amplified using Ion Ampliseq gene expression core panel technology to accurately maintain expression levels of all the targeted genes. The amplified cDNA libraries were quantified using Ion Taqman library quantitation kit (Applied Biosystems, (Life Technologies Corp, Austin, TX), and the libraries were further diluted to 100 pM and pooled equally with three individual samples per pool. The pooled libraries were amplified using emulsion PCR on Ion One Touch2 instruments (OT2) and enrichment was done on Ion One Touch ES following manufacturer's instruction. Prepared template libraries were then sequenced on Ion S5 XL Semiconductor sequencer using Ion 540 Chip (Life Technologies Corporation, Carlsbad, CA).
Bioinformatics Analysis
RNA-seq data was analyzed using the Ion Torrent Software Suite version 5.4. Alignment was carried out using the Torrent Mapping Alignment Program (TMAP). TMAP is optimized for Ion Torrent sequencing data for aligning the raw sequencing reads against reference sequence derived from hg19 (GRCh37) 
Statistical Analysis
Student's t-test was used to evaluate the significant differences between groups and between samples. Microsoft Excel 2018 (Microsoft Office, 2018) was used for all statistical calculations. Between two to three independent replicates were assessed in each experiment, and pooled data were presented as mean ± SEM. Quantification analysis of Western blotting data was performed using ImageJ software. A p value of <0.05 was considered significant.
Results

DMF Or MMF Inhibits LPS-Mediated IL-1β Production And Release From NK92 Cells
We previously reported that IL-1β is produced in moderate intensity by human IL-2-activated NK cells. 5 To demonstrate whether NK92 cells may produce this cytokine, we measured its mRNA level in these cells. We observed about~40 fold increase in IL-1β mRNA expression after treatment for 8 h with 10 μg/mL of LPS, and about~60 fold increase after 24 h incubation, as compared to untreated cells ( Figure 1A ). LPS is known to activate NK cell cytotoxicity, 21 promote CD56 + NK cell proliferation, 22 and induce the release of IFN-γ from human NK cells, 23 but the expression of receptors for LPS on NK cells was not studied in these reports. Here, we observed that between 12-20% of NK92 cells express TLR4 ( Figure 1B Pretreatment of NK92 cells for 24 h with 100 μM DMF or MMF significantly inhibited LPS-induced mRNA expression of IL1β (P<0.01, Figure 1C ). Upon examing the levels of IL-1β secreted by NK92 cells, we demonstrated that 24 h treatment with LPS induced the release of mature IL-1β from these cells. Next, we evaluated the effect of DMF or MMF on the release of IL-1β from LPS-treated NK92 cells, and observed that 24 h treatment with these compounds significantly reduced LPS-mediated IL-1β release from NK92 cells, when compared to control untreated cells (P<0.01, Figure 1D ). DMF alone or MMF alone did not enhance the release of this cytokine. As a positive control, the U937 cell line known to have inflammasomes were used. U937 cells highly released IL-1β after incubating with 10 μg/mL of LPS ( Figure 1D ). Further, LPS induced IL-1β mRNA expression in these cells, whereas DMF or MMF impaired this activity (*P<0.01, Supplementary Figure 1 ), supporting those observed in NK92 cells, 
NK92 Cells Express Receptors For DMF/ MMF
To further understand the pathways involved in the inhibitory effects of DMF and MMF, we investigated the presence of specific receptors for these ligands in NK92 cells. It has been previously reported that MMF mediated its therapeutic effects via binding hydroxy-carboxylic acid receptors (HCA). 25 Using several experimental assays we demonstrated that NK92 cells express two of the three main members of the HCA receptor family. Western blotting results using 1:1000 or 1:5000 dilution of the antibody reveal that NK92 cells only expressed HCA 2 and HCA 3, but not HCA 1 (Figure 2A) . Similarly, immunofluorescence results show that NK92 cells expressed HCA 2 and HCA 3 ( Figure 2B ). We also demonstrate the presence of HCA 2 and HCA 3 by flow cytometry, showing that more than 90% of NK92 cells were stained for HCA 2 and HCA 3 but not HCA 1 ( Figure 2C ). PCR data confirmed that NK92 cells express HCA 2 and HCA 3 only ( Figure 2D ).
DMF Or MMF Treatment Inhibits LPS-Activated Conversion Of Procaspase-1 To Caspase-1 In NK92 Cells
Secretion of IL-1β requires processing and conversion of pro-IL-1β into active IL-1β, mainly dependent on the activation of caspase-1. Purified LPS can induce the synthesis, processing, and release of IL-1β from human monocytes. 26 However, to date, no such evidence exists in NK cells. To investigate this issue, we measured the expression and conversion of procaspase-1 to caspase-1 in NK92 cells by immunoblot analysis. Our results indicate that LPS treatment of NK92 cells induced the conversion of procaspase-1 into cleaved active-caspase-1 ( Figure 3A ). DMF or MMF did not induce this conversion ( Figure 3A ). However, when combined with LPS, these molecules significantly reduced the conversion of procaspase-1 into active caspase-1 as determined by immunoblot ( Figure 3A) , and by densitometry analysis (P<0.01, Figure 3B ). Actin was used as a housekeeping gene.
DMF Or MMF Reduces GSDMD Expression
Recently, it has been reported that GSDMD is a component of inflammasomes, responsible for membrane pore formation via pyroptosis leading to secretion of matured IL-1β. [10] [11] [12] [13] [14] To investigate this issue, we sought first to determine whether GSDMD is present in NK92 cells. Flow cytometric analysis demonstrates that more than 75% of untreated NK92 cells express this molecule ( Figure 4A ). The percentages of GSDMD expressing NK92 cells were increased upon LPS treatment but reduced after DMF or MMF treatment ( Figure 4A ). Further, we examined the mRNA level in cells treated with LPS or with the two molecules. Results in Figure 5B demonstrate that LPS treatment highly increased the mRNA levels of GSDMD, but this was significantly reduced upon DMF or MMF treatment for 24 h ( Figure 4B ).
Upon activation, the inflammatory caspases are known to cleave GSDMD, releasing the N-terminal p30 domain from the auto-inhibitory C-terminal p20 domain. Activated GSDMD then binds to phospholipids in the plasma membrane and forms large oligomeric pores releasing cellular contents, such as inflammatory cytokines. Here we demonstrate that LPS induced the cleavage of GSDMD into two components, whereas pretreatment with DMF or MMF for 24 h reduced the activation/cleavage of GSDMD induced by LPS ( Figure 4C ). As a control, LPS also induced GSDMD mRNA in U937 cells, and this activity was inhibited by pre-treating the cells with DMF or MMF ( Supplementary Figure 2) .
LPS Induces Pyroptosis In NK92 Cells
The confocal microscopic evaluation confirms that NK92 cells express GSDMD, but this molecule was unevenly distributed among the cytoplasm and the plasma membranes ( Figure 5,  Control) . In contrast, incubation with LPS induced the translocation of this molecule towards the plasma membranes of these cells, corroborated with the appearance of several pyroptotic bodies in the membranes of these cells where GSDMD accumulate (white arrows, Figure 5 , LPS). On the other hand, DMF or MMF reduced the intensity and the expression of LPS-induced GSDMD in these cells ( Figure 5 ).
DMF Or MMF Induces DNMT-Mediated Methylation-Silencing Of GSDMD
Our search through the UCSC genome browser determined the presence of CpG island in the promoter region of GSDMD gene. Therefore, we hypothesized that NK92 cells pretreatment with DMF or MMF might be inducing the methylation of GSDMD gene. DNA methylation in humans is carried out by a family of enzymes known as DNA methyltransferases (DNMTs). Of which, the DNMT1 is considered to be involved in the maintenance of pre-existing DNA methylation patterns during replication, whereas de novo DNMT activity is largely attributed to DNMT3A or DNMT3B. 27 RNA extracted from LPS, DMF or MMF treated NK92 cells was assessed using whole transcriptome expression. The transcriptomic expression for DNMT3A and DNMT3B are shown in Figure 6A . We found the values for DNMT3A and DNMT3B to be 1.6 to 3 fold higher respectively, in DMF-treated NK92 cells as compared to untreated cells. In addition, we found the values for DNMT3A and DNMT3B to be 0.82 to 3 fold change respectively, in MMF-treated NK92 cells when compared to control cells ( Figure 6A ).
Protein analysis by Western blotting confirmed this upregulation of DNMTs in DMF-or MMF-treated NK92 cells ( Figure 6B ). This was also noticed upon LPS-treatment of cells that were pre-treated with DMF or MMF ( Figure 6C ). After confirming upregulation of DNMTs, we thought to evaluate DNA methylation of GSDMD as these DNMTs are known to induce DNA methylation. Later, this DNMT-mediated hypermethylation of the CpG island in the promoter region of GSDMD could lead to silencing or inhibiting its expression ( Figure 6D ). In agreement, the MSP-PCR shows that methylation level (ratio of methylated CpG sites/total CpG sites) was increased in NK92 cells pretreated with DMF and MMF compared to untreated cells, as well as cells treated with LPS ( Figure 6E ), suggesting that DMF or MMF induces hypermethylation resulting in silencing GSDMD, which seems to be mediated by both DNMT3A or DNMT3B.
Discussion
In the present study, we demonstrate several novel findings. The results are the first to show that NK92 cells utilize GSDMD to release the inflammatory cytokine IL-1β. Pyroptosis was detected in NK92 cells by confocal microscopy showing the presence of pyroptotic bodies. This adding to the fact that these cells utilize GSDMD strongly indicates that they may die by pyroptosis. GSDMD has been recently described as the major mediator of pyroptosis. 12, 13 After activation, this molecule is cleaved into two major components, the inhibitory C-terminal and the pore-forming N-terminal. The amino domain oligomerizes with the plasma membrane phospholipids, particularly phosphatidylinositol PI(4,5)P 2 forming pores in these membranes, allowing the exocytosis of pre-formed molecules.
Here, we demonstrate that LPS induced the release of IL-1β from NK92 cells due to the activation of procaspase-1 into an active caspase-1. This is corroborated with the ability of LPS to up-regulate GSDMD in NK92 cells. Further, DMF or MMF impaired LPS-induced IL-1β and the activation of GSDMD. It was previously reported that DMF, and to a lower extent, MMF prevent pyroptosis induced by ATP in THP-1 cells. 28 However, our observations are the first to show such activity in NK cells, and the first to demonstrate the anti-death effect of DMF and MMF is related to inhibiting GSDMD gene expression.
Although not more than 20% of NK92 cells express TLR4 the reported receptor for LPS, the appearance of pyroptotic bodies in cells treated with LPS suggests that LPS may induce non-canonical inflammasome activation where excess LPS enter the intracellular environment independent of TLR4, usually contained within vacuoles. Guanylate-binding proteins promote vacuolar lysis, causing entry of LPS into the cytoplasm where it is detected by procaspase-11 initiating the formation of the inflammasome and pyroptosis of the cell. 29 Hypermethylation of the promoter region of a gene directly blocks the binding of transcription factors essential for gene expression, thus rendering the loss of expression or gene silencing. Epigenetic mechanisms such as DNA methylation or histone modifications are known to regulate gene expression. 30 DNA methylation, one of the most widely studied epigenetic mechanisms, is an addition of a methyl group to the C-5 position of cytosine by a group of enzymes DNA methyltransferase to form 5methylcytosine. This reaction occurs exclusively on gene promoter regions rich in CG dinucleotide sequence (CpG islands). 31 Our search through the UCSC genome browser reveals the presence of CpG island in the promoter region of GSDMD gene. Hence, we hypothesized that treatment of NK92 cells with DMF or MMF treatment might epigenetically regulate the expression of GSDMD. Indeed, our results support the conclusion that DMF or MMF induced the hypermethylation of GSDMD and in turn, this may regulate the release of IL-1β from these cells. Intriguingly, utilizing whole transcriptome analysis, we observed that DMF or MMF upregulated the expression of two enzymes, ie, DNMT3A and DNMAT3B in NK92 cells. These enzymes are known to induce DNA hypermethylation. 19, 30 Comparison between mRNA and protein expression shows almost similar trend with DNMT3A. However, DNMT3B expression shows some discrepancy between the mRNA and protein expression. Such discrepancy between protein and mRNA is seen in many studies and could be due to post-transcriptional, translational and protein degradation which can affect the regulation of the protein as previously discussed. 32 We also sought to demonstrate whether NK92 cells express receptors for DMF or MMF. It has been reported that HCA 2 constitutes the receptor for MMF in other cells. 25 HCA 1 is not known to be expressed on immune cells, but HCA 2 and HCA 3 have been reported to be expressed in various immune cells such as monocytes and neutrophils but not in lymphocytes. 33 In this regard, it was shown that HCA 2 mediates the therapeutic effects of DMF or MMF in an experimental autoimmune encephalomyelitis mouse model. 25 Hence, our results demonstrating the expression of HCA 2 and HCA 3 in NK92 cells are novel and could explain the various activities described for DMF or MMF in NK92 cells, 17 or human IL-2-activated NK cells. 34 Further, the current work is the first to demonstrate that DMF and MMF act as anti-death molecules in NK cells, and the first to show that the anti-death activity of DMF or MMF is related to epigenetic modification of GSDMD in NK92 cells.
In addition to its universal inflammatory function, GSDMD is an important mediator for inducing damages during ischemia-reperfusion brain injury 35 and is implicated in the aggressiveness of non-small lung cancer. 36 In fact, it was recently suggested that targeting GSDMD is a novel strategy for promoting neuroprotection in multiple sclerosis patients and in mice with experimental autoimmune encephalomyelitis. 37 Consequently, molecules such as DMF or MMF that impair its activity, can be used to treat diseases where GSDMD induces damages. Finally, we suggest that because NK cells express many inflammatory chemokines, and respond to these inflammatory molecules, 38 it is highly plausible that the exocytosis of these molecules may be due to the activation of GSDMD. Supporting this conclusion is the Figure 7 Schematic representation of the pathway leading to IL-1β release from NK92 and its inhibition by DMF or MMF. After binding TLR (and perhaps others), LPS activates caspase-1 which induces the synthesis of IL-1β. Also, LPS upregulates the mRNA for IL-1β, and stimulates GSDMD which induces pyroptosis in the cell membranes allowing the exocytosis of IL-1β. The activities of GSDMD are inhibited by the drug DMF and by MMF plausibly through hypermethylation of GSDMD gene, resulting in impairing the exocytosis of this cytokine, and preventing the pyroptosis of NK92 cells.
high percentages of NK92 cells expressing this molecule indicating that it plays pivotal roles in various inflammatory activities mediated by these cells. Although NK cells are equipped with cytolytic, immunoregulatory and tolerance activities, 39 pyroptosis could be a process that mediates the immunoregulatory function of NK cells. Although we only examined the release of IL-1β, it is plausible that other cytokines and chemokines might be also secreted from these cells via activation of inflammasome and GSDMD, resulting in pyroptosis. Whether these molecules are involved in NK cell cytotoxicity against tumor cells, has not been examined in this study. Therefore, it is highly important to investigate this issue which may result in finding molecules that could target not only inflammation based disorders, but other diseases such as cancer.
Conclusions
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